ABSTRACT
INTRODUCTION
Io is the most volcanically active body in the solar system due to tidal heating.
The intense heating is produced by a Laplace orbital resonance with Jupiter and the surrounding moons. The volcanic edifices and mountains provide information useful in determining the predominant heating processes, the synchronicity of the moons rotation, and the crustal thickness, but these structures are only surface expressions. Resurfacing rates of 0.1-1 cm/yr obscure most topographic features under a veneer of sulfur within 1
Myr (5, 10). The magnetization of Io's iron-bearing crust, beneath the non-magnetic sulfur layer, encodes information about the fundamental geologic processes operating in its interior. The magnetic anomalies generated by the spatial variations in magnetization, can be mapped by future satellite magnetometer missions. Examination of the magnetic anomaly pattern due to crustal magnetization of Mars, for example, indicates the past presence of a powerful magnetic field and an early stage of plate tectonics as deduced from observed magnetic stripes and apparent transform faults. The magnetic anomaly pattern on Mars contributes to the hypothesis that many of the extant great volcanic edifices on that planet were created by motion of the crust over two fixed hotspots that episodically broke through the surface (6).
In this thesis, I develop a synthetic magnetic anomaly map of Io as it would be seen by a magnetometer aboard a satellite flyby. A magnetic anomaly map displays the magnetic field intensity due to natural remanent magnetism (NRM) of crustal rocks. In this thesis, I limit the consideration of NRM to the thermoremanent magnetism (TRM) contribution and do not consider any past variation in the direction of the ambient Jovian field. As I assume the field direction and strength of the Jovian field at Io to be constant and uniform, the induced magnetization and TRM will be the same. Typically, induced and remanent magnetization are considered two distinct parts that combine to form the total magnetization ( ) (3) . In this work, the magnetizing field is assumed constant and uniform. While this is very inaccurate on a short time scale as the field oscillates rapidly, the periodic nature of the oscillation over the course of Io's orbit around Jupiter should, as a bulk material, be equivalent to a single magnetic direction. This means the induced and remanent fields are treated as the same, though the true induced component will vary.
Radially-symmetric thermal modeling in 2-D cylindrical geometry is used to determine the likely thickness of the magnetized crustal layer around a recently-active volcanic center. Using this model of the magnetization of the crust, a standard technique of discretizing the region into prisms and summing the magnetic field of each prism (2) is used to obtain the crustal magnetic anomaly map around a recent volcanic center. The mapping is conducted in meridional swaths so that Cartesian geometry may be used to simplify the analysis. Figure 1 is a conceptual depiction of the volcano, magnetization, and satellite flyby. The magnetic anomaly analysis is performed for different supposed magnetic properties of the prevailing mafic and ultramafic materials comprising Io's crust.
BACKGROUND
Io is the most volcanic body in the solar system due to tidal heating caused by the time-varying gravitational forces exerted on Io by Jupiter and its other moons (5, 10, 24, 27) . The primary source of these variations are the Galilean moons and Jupiter. Io, Europa, and Ganymede are in a Laplace resonance in which for each orbit Ganymede makes around Jupiter, Europa makes two and Io makes four. The orbital period of Callisto, the outermost of the Galilean moons, is slightly longer than that required for a Laplace resonance. The varying gravity causes tidal deformation of Io as large as 100 meters (5, 27) . Typical deformation amplitudes are much smaller and occur over very short time periods of only a few days (5, 27) . Viscous dissipation due to millions of kilograms of deforming rock produces prodigious amounts of heat and volcanism (21, 27) . Io is thought to be covered by thin veneer of sulfur overlying mafic to ultramafic rock that together comprises a lithosphere 20-50 km thick (8, 10, 13) . This estimate of lithospheric thickness is based on the ~6-17 km heights of the mountains on Io and the predominant hypothesis for their formation (5, 33 by which this liquid can travel. The depth at which these aquifers form is typically lower than the neutral buoyancy point of the magma. The magma reaches these aquifers and incorporates the volatile sulfur and sulfur dioxide. This greatly reduces the magma density and enables it to nearly reach the surface (12, 17) . Very close to the surface is a layer of nearly pure sulfur and sulfur dioxide frost above which the magma cannot rise due to buoyancy alone. Laterally compressive stresses in the crust can provide the necessary energy to force lava onto the surface. The intense heat of the lava and magma melts and vaporizes surrounding volatiles, forming a caldera-like structure called a patera (5, 12, 17, 20, 21) . The distribution of paterae has been used as a proxy for heat flux to model and better understand the tidal dissipation process in Io (8) .
Io has numerous volcanic centers that are commonly held to be mafic to ultramafic in composition. This supposition owes to the unusually high temperature readings acquired by satellite-borne sensors (4, 8, 10, 12, 18, 19, 20, 21) . Eruption temperatures range as high as 2600 K, which is incredibly difficult to explain by any method, but have very large error bars (11, 19) . The 1997 Pillan eruption, which has the best constrained temperature estimates, requires a minimum eruptive temperature of ~1610 K, the highest recorded minimum temperature (11) . Approximately 100 K of heating is estimated to occur due to viscous dissipation within the magma during ascent (11) . This suggests a magma temperature in the upper mantle of ~1500 K or greater, making terrestrial (tholeiitic) basalt, with a liquidus of ~1430 K, an unlikely analogue of the volcanic material on Io (11, 34) . The number of volcanic observations that allow for such high temperatures is relatively sparse and may represent only a subset of the silicate volcanism occurring on Io.
Spectral analysis of the mineralogy of dark spots on Io suggests the silicate magmatism to be of a single type. Laboratory-based spectral analysis of orthopyroxene, a Mg-rich silicate mineral, provides the best fit to the observed spectra from Galileo for the dark units that coincide with hotspots. This observation suggests the presence of mafic to ultramafic materials (12, 20, 33) . Flow rheology reflects extremely low viscosity lavas, indicative of ultramafic lavas (31) . Typically, spectral analysis of rock is very simple and allows for very exact matching of mineralogy. Problematically, the Near Infrared Mapping Spectrometer (NIMS), originally meant to be a hyperspectral system with hundreds of spectral bands, suffered damage and was reduced to only 13 spectral bands by the time Galileo began close observations of Io (20) In addition to these external and internal contributions to the Io magnetic field is that of the plasma torus linking Io and Jupiter (18) . The magnetic effect of the plasma torus is regarded herein as an extraneous secondary field, similar to the auroral-latitude ionospheric field on Earth. Such additional signals can be removed from flyby or other satellite-acquired magnetic field data to obtain a reduced dataset that reflects primarily the source of interest, which, in this case, is the field due to crustal magnetization, and has been done with the Messenger flyby data to exclude the effects of plasma and the solar winds near Mercury to produce spherical harmonic functions that describe the internal magnetic field generated by the permanent magnetization of that planet (1, 16) . The solution to equation (1b), subject to fixed temperatures at the thermal lithosphere boundary and the surface, respectively and , is given by
PREVIOUS WORK ON THE STEADY STATE GEOTHERM OF IO
where is the temperature at depth , is the constant thermal diffusivity divided by the constant advective velocity, and is the maximum thickness of the lithosphere. The velocity is calculated to be using equation (3), below, and thermal parameter values from reference 17. In reference 17, is the total volcanic heat flux emitted by the planet, is the density of the magma, is the latent heat of crystallization, and is the average specific heat.
Reference 17 porosity-modified reference 7 thermal diffusivities is displayed in Figure 2 . Modeling by reference 17furthermore shows that radioactive decay results in negligible heating so that it is safely ignored herein. 
METHODS AND RESULTS

This
Thermal Model of Io Crust
The In the region around a volcanic center, transient thermal effects are expected following emplacement of a volcanic pipe. Accordingly, in such regions I solve the 2-D time-dependent diffusion equation (7), below, assuming radial symmetry.
I apply the steady state geotherm calculated above as the initial temperature distribution, and set K for the temperature of the instantaneously emplaced volcanic pipe. I use the same boundary conditions as the 1D case for the surface and bottom of the modeling domain ( K and K, respectively). Zero-flux (i.e. symmetric) boundary conditions are applied at the center of the pipe (r=0), It is important to keep in mind that the temperature used for the thermal lithosphere boundary, , represents a lower limit and the actual temperature may be significantly higher. Figure 5 shows the 1-D geotherm for a crustal thickness of and surface porosity of 0.3 for the analytical and reference 17solutions, and for my geotherms at a thermal lithosphere boundary temperature of 1700, 2000, and
Thermal Results
. Even with these much higher, but plausible, temperatures, the 1-D geotherm is colder than that predicted by reference 17. Again, these colder temperatures occur due to the lower thermal diffusivity of quartz deficient materials at low temperatures. Figure 6 shows the 2-D thermal evolution in a cross-section of a volcanic pipe of radius 160 m, with surface porosity of 0.5, and crustal thickness of 30 km. The four times shown correspond to initial emplacement, at one third and two thirds of the way to the stopping criterion, and at the stopping criterion. For this pipe, it takes approximately 6,700 years to reach the stopping criterion. Thermal energy diffuses through the crust via conduction. Pores are empty space through which this energy is unable to propagate.
Therefore, an increase in porosity results in a decrease in thermal diffusivity. Because lateral cooling at the surface is slower than at depth, there is a local temperature maximum, or a "bubble" of warm material, near the top of the volcanic. The bubble is carried downward by burial as it slowly cools.
Magnetic Model
The observed crustal magnetization is dependent on three factors: the strength and direction of the inducing magnetic field; the magnetic susceptibility of the crust; and the satellite flight path. The inducing field is that of Jupiter, with a mean strength of ~1835 nT at the orbit of Io (13) . The magnetic effect of the plasma torus can be removed by a similar technique to that used for the Messenger data and consequently it can be ignored (1, 16). The periodic time-varying induction response due to movement of Io within the asymmetric magnetic field is also ignored as it does not affect the long-term bulk magnetization of the crust and moreover, it too can be isolated from the crustal magnetization field. Therefore, I assume the field of Jupiter to be uniform in amplitude and constant in direction with respect to Io's crust. I assume the magnetized crust has no previous remanence and is magnetized in the direction of the ambient magnetic field.
The crustal magnetization is also presumed to be proportional to the strength of the inducing field.
An important task is to estimate the crustal magnetic susceptibility. I consider magnetite to be the most important magnetic mineral as its susceptibility is typically much higher than that of other magnetic minerals (5). Given the crustal composition from reference 11, experimental petrology and normative mineralogy can predict the unaltered mineralogy. I consider the quantitative determination of magnetite content to be beyond the scope of my work and will present the magnetic signal produced by a crust entirely composed of magnetite. The signal can then be scaled for any magnetite content (e.g., if 1% magnetite is presumed, then the signal would be 1% of that calculated in this paper). However, the use of simple, downloadable programs (9) and the composition produced by MELTS and reported in reference 11 provide a magnetite content of ~3%.
The magnetic susceptibility of SD magnetite is very complex, depending on grain size, shape, grain size distribution, and temperature (36) . Grain size distributions are typically lognormal and result in an apparently linear behavior for large temperature ranges (36) . Accordingly, I use a linear magnetic susceptibility based on a formula derived from data in reference 15, in which equals 5200 .
To determine the magnetic field produced by the permanent crustal magnetization, a 2-D vertical section of the hypothetical crust is discretized into prisms.
Each prism is assigned a magnetization based on its temperature (obtained from the thermal modeling) and its assumed magnetite content. I then calculate the magnetic field of each prism using the analytic formula presented in reference 2 and then sum the magnetic fields to obtain the magnetic anomaly at each location along a selected meridional swath as shown in Figure 4 . This is performed for each of the ten selected times in the thermal evolution. The maximum radial extent in the thermal model is 4 km.
This relatively short radius creates deleterious edge effects as the simulated flyby altitude becomes very high. The vertical distribution of magnetic susceptibility values calculated at the maximum radial extent is assumed to apply out to 16 km in order to reduce these edge effects. Figure 7 shows the corresponding approximate magnetic susceptibilities of SD magnetite for the thermal distribution shown in figure 6 . A corresponding "bubble" of increased magnetic susceptibility can be seen. In this model, magnetic susceptibility increases with temperature until the Curie temperature, at which the magnetic susceptibility goes to zero. The local susceptibility maximum is a result of the higher surface porosity slowing the diffusion of thermal energy. nT. At 1 km, the magnetic anomaly has a strength of ~110 nT, with a background field of -760 nT. Figure 13 shows the variation of the magnetic anomaly at an altitude of for a crustal thickness of 90 km. The maximum value of the calculated magnetic anomaly is ~1000 nT with a background field of -800 nT.
Magnetic Results
DISCUSSION AND CONCLUSION
The 1-D thermal modeling predicts a steady-state crustal temperature that maintains the surface value to the base of the lithosphere, which is significantly deeper than that predicted byreference 17. The modeling also predicts a geotherm that is significantly less dependent on porosity due to the great depth to which the region of rapid temperature change (and hence a rapid change in thermal diffusivity) is found. The 1-D modeling in this work predicts a geotherm very similar to that of the analytical solution. This is due to the very small variation in thermal diffusivity of the lunar analogue used. Across large changes in temperature, the thermal diffusivity of lunar rock changes very little. The large changes in temperature occur near the base of the thermal lithosphere, where the pore space has been reduced to very small amounts (less than a few percent).
Reference 17 discussed the possible thermal effects of sulfur and sulfur dioxide aquifers in the lithosphere. A significant amount of solid sulfur and sulfur dioxide is advected downward with the lithosphere. At great depths, where the temperature is sufficiently high, these materials exist as a liquid and may travel through fractures in the lithosphere to act as aquifers. These aquifers provide necessary volatiles to the magma to ensure surface eruptions. Without the addition of sulfur and/or sulfur dioxide, the density of the magma would remain greater than the host rock and prevent ascent (17) . The depth at which these aquifers can form is controlled, in part, by the temperature of the Io must have experienced some change to its orbital or thermal evolution (24, 28) .
Steady-state tidal models predict significantly lower energy output and suggest periodic heating and cooling (24, 29) . A past era of cooling may have allowed a solid core and a geodynamo to form (and which was destroyed by subsequent heating) and strongly magnetize the crust (18, 27) . The crust of Io is recycled at a rate of ~1 . This requires an approximate 10 km thick layer of the crust be destroyed every 100,000 years.
Though the thickness of the crust is poorly constrained, the detection of a crustal anomaly would require drastically different conditions at Io within the past one million years, and likely much more recently than that. Problematically, this requires extensive volcanism to continue despite an overall cooling of the planet. . A warm "bubble" is created near the top of the volcanic pipe due to the reduced thermal diffusivity caused by increased porosity near the surface. The times depicted correspond to initial emplacement (zero years), 2232 years after emplacement, 4444 years after emplacement, and 6677 years after emplacement. Figure 7 . 2 D Magnetic susceptibility evolution. These depict the magnetic susceptibilities of magnetite for the temperatures shown in Figure 5 . The susceptibility is in SI units. A "bubble" of high magnetic susceptibility (surrounding a core of zero susceptibility at 2232 years) reflects the increased temperature in these regions. 
